detect malignancy and are currently used in the screening of certain cancers. However, cancer screening based on diagnostic serum biomarkers is not available for gastric cancer.
Human gastrokine 1 (GKN1) comprising 185 amino acid residues is a stomach-specific protein which is produced by gastric mucus-secreting cells; it is stored in cytoplasmic granules, and secreted as an exosomal protein. [6] [7] [8] GKN1 plays an important role in maintaining mucosal integrity and homeostasis, and functions as a tumor suppressor by regulating cell proliferation and differentiation. 7, 9, 10 Recently, we provided evidence suggesting that serum GKN1 protein is an informative diagnostic biomarker for gastric cancer. 7 Here, serum GKN1 concentrations were measured in 200 healthy individuals and 1268 patients with cancer, and the clinical value of specific diagnostic marker for gastric cancer was analyzed. Finally, we report that the specificity and sensitivity of serum GKN1 concentration for the detection of gastric cancer were 91.2% and 96%, respectively.
| METHODS

| Ethical statement
We obtained written informed consent from all participants in accordance with the Declaration of Helsinki. The study was approved by the Institutional Review Board (IRB) of The Catholic University of Korea, College of Medicine (MC16SISI0132).
No evidence of familial cancer was found in any of the patients.
| Study population
The study included the sera obtained from 500 patients with gastric cancer, including 360 cases of advanced gastric cancer (AGC) and 140 with EGC. Based on the depth of invasion, gastric cancer patients were categorized into EGC and AGC. In addition, the sera from patients with defined hepatocellular carcinoma (HCC, n = 100), colorectal cancer (CRC, n = 100), non-small cell carcinoma (NSCLC, 68 adenocarcinomas and 100 squamous cell carcinomas), invasive ductal carcinoma of breast (BRC, n = 200), pancreatic cancer (PAC, n = 100), ovarian cancer (OVC, n = 50), and prostatic cancer (PRC, n = 50) and healthy controls (n = 200) were obtained from five National Biobanks of Korea, Seoul Saint Mary Hospital, the Chonnam National University Hwasun Hospital, the Keimyung University Dongsan Medical Center, Ajou University Human Bio-Resource Bank, and Inje University Busan Paik Hospital with IRB approval.
| Measurement of serum GKN1 protein concentrations
We fractionated the whole blood samples obtained from 1268 cancer patients and 200 healthy subjects prior to operation. The sera from healthy and cancer subjects were immediately stored at −80°C after sampling. Samples were retrieved from storage and thawed at 4°C before the assay. To normalize for sampleto-sample variation, the total serum protein concentration was adjusted to 15 μg/mL with PBS. As GKN1 protein was present as an exosomal protein in human sera, 7 we incubated the samples at 70°C for 10 min. Preoperative serum concentrations of GKN1 protein were determined using an ELISA kit (Cusabio, Wuhan, China), according to the manufacturer's instructions.
| Defining GKN1 cutoff value in
ROC analysis
To further evaluate the diagnostic value of the markers based on dichotomous classification, we conducted receiver-operator characteristic (ROC) curve analysis. The ROC curve analysis was performed using the method introduced by Hanley and McNeil. 11 The optimum cutoff value of GKN1 for the diagnosis of gastric cancers was defined in sera obtained from healthy individuals and patients with gastric cancer using the ROC curve and Youden index. Depending on the cutoff value of the serum GKN1 protein concentration, a range of sensitivity and specificity values was calculated. The serum GKN1 measurements in gastric cancer patients were used to determine the appropriate cutoff value of GKN1 for diagnosis of gastric cancer in the ethnic population studied. The sensitivity (true positive fraction, TPF), specificity (true negative fraction, TNF), false-negative fraction (FNF), false-positive fraction (FPF), positive predictive value (PPV), negative predictive value (NPV), accuracy, positive likelihood ratio (LR+), negative likelihood ratio (LR-) and diagnostic odds ratio (DOR) for the cutoff value were calculated following the previously described method. [12] [13] [14] We defined the cutoff value of serum GKN1 concentration by maximizing the overall prediction performance with the Youden's J index {J( χ ) = (sensitivity χ + specificity χ − 1)} based on the ROC analysis.
| Statistical analysis
We examined serum GKN1 protein concentrations in duplicate to verify the reproducibility of the findings. All statistical tests were performed using MedCalc (MedCalc Software, Mariakerke, Belgium), Graphpad prism (GraphPad Software, Inc, San Diego, CA), and SAS (SAS Institute; Cary, NC, USA). As serum GKN1 protein concentrations in healthy control subjects and in patients with gastric cancer showed markedly left-skewed distributions in both group, we presented the results as medians and interquartile ranges (IQR, 25th and 75th percentiles), and compared the difference between groups by Mann-Whitney U-test. A P-value less than .05 is considered as statistically significant.
3 | RESULTS 3.1 | Serum GKN1 is a specific biomarker for gastric cancer diagnosis
To determine whether serum GKN1 protein concentration can be used as a novel biomarker for early detection of gastric cancer, we measured the serum GKN1 protein concentrations in 500 patients with gastric cancer and 200 healthy controls. As shown in Figure 1A and Table 1 , the serum GKN1 protein concentrations were significantly lower in the gastric cancer patients (median: 3.48 ng/μL, IQR: 2.90-4.11 ng/μL) compared with healthy individuals (median: 6.34 ng/μL, IQR: 5.66-7.54 ng/μL; P < .0001). To evaluate the diagnostic potential of serum GKN1 concentration as an early detection biomarker in gastric cancer, the ROC curve analysis was performed. The serum GKN1 protein concentration clearly distinguished patients with gastric cancer from healthy individuals with an AUC value of 0.9954 and a Youden index of 0.8740 ( Figure 1B ). As shown in Figure 1C , the serum GKN1 concentration of 4.94 ng/μL was considered as the optimal cutoff value for gastric cancer diagnosis. At this cutoff value, the sensitivity and specificity for gastric cancer diagnosis were 91.2% and 96.0%, respectively ( Figure 1C and Table  1 ). In addition, the PPV and NPV were 98.3% and 81.4%, respectively (Table 1) . Moreover, the diagnostic accuracy and DOR at the serum GKN1 cutoff value were 0.9257 and 248.73, respectively (Table 1) . Using this cutoff value for serum GKN1, 44 (8.8%) of the 500 patients with gastric cancer were negative for gastric cancer diagnosis ( Figure 1D ). Taken together, these results suggest that serum GKN1 protein represents a biomarker for gastric cancer diagnosis with exquisite sensitivity and specificity.
| Differentiation of healthy control
subjects from early and advanced gastric cancer patients using serum GKN1 concentration
Next, we investigated the diagnostic value of serum GKN1 concentrations in the detection of EGC and AGC. As expected, the serum GKN1 concentrations were significantly lower in both EGC (median: 4.31 ng/μL, IQR: 3.88-4.88 ng/ μL) and AGC (median: 3.11 ng/μL, IQR: 2.72-3.72 ng/μL) than in healthy individuals ( Figure 2A and Table 2 ). In particular, the serum GKN1 concentrations in patients with AGC were significantly lower than in patients with EGC ( Figure 2A and Table 2 ). As expected, ROC curve analyses revealed that the serum GKN1 concentration clearly differentiated both EGC and AGC from healthy controls, with an AUC of 1.0000 (95% CI = 1.0000-1.0000) and 1.0000
concentration in healthy control (HC) subjects and patients with gastric cancer (GC). (A) Scatter plot for serum GKN1 concentration in HC and in patients with GC (****, P < .0001). (B) ROC curve with Youden index for serum GKN1 in patients with GC vs HC. (C) Serum GKN1 protein at 4.94 ng/μL was considered as the optimal cutoff value for GC diagnosis using ROC curve analysis. (D) Rate of positive results at serum GKN1 cutoff value in HC and in patients with GC (95% CI = 1.0000-1.0000), respectively, and with a Youden index of 1.00 and 1.00, respectively ( Figure 2B ). ROC curves showed that the optimum diagnostic cutoff values of serum GKN1 concentration were 5.11 ng/μL for EGC and 4.73 ng/μL for AGC, compared with healthy individuals ( Figure 2C and Table 2 ). The cutoff value of 5.11 ng/μL in EGC yielded a sensitivity of 87.9% and a specificity of 96.0% for the diagnosis of EGC ( Table 2 ). The cutoff value of 4.73 ng/μL yielded a diagnostic sensitivity of 95.3% and a diagnostic specificity of 96.0% for AGC (Table 2) . When we selected 4.94 ng/μL as the cutoff value for serum GKN1 protein in both gastric cancers, the sensitivity and specificity were 79.3% and 96.0% for EGC, respectively, and 95.8% and 96.0% for AGC, respectively ( Figure 2D and Table 3 ).
The diagnostic accuracies at the serum GKN1 cutoff value were 0.8912 and 0.9589 for EGC and AGC, respectively ( Table 3 ), suggesting that serum GKN1 is a potential diagnostic biomarker for both EGC and AGC.
| Differentiation of gastric cancer
patients from non-gastric cancer patients using serum GKN1 concentration
Next, we investigated whether serum GKN1 protein concentration discriminated healthy individuals from patients with non-gastric cancers including HCC, CRC, NSCLC, BRC, PAC, OVC, and PRC. The serum GKN1 concentrations of healthy individuals and patients with non-gastric cancers are presented in Table S1 . Notably, the serum GKN1 concentrations in patients with HCC, CRC, NSCLC, BRC, PAC, OVC, and PRC did not differ from those in normal healthy sera ( Figure 3A and Table S1 ). In addition, the AUC values for the diagnosis of other cancers based on serum GKN1 protein showed a dissatisfactory diagnostic efficacy (data not shown). When we compared serum GKN1 concentrations between patients with gastric cancer and patients with nongastric cancers, serum GKN1 concentration distinguished patients with gastric cancer from those with the foregoing non-gastric cancers with AUC values of >0.94 ( Figure 3B ) and diagnostic accuracies of >0.86 (Table S2 ), suggesting that serum GKN1 protein may be a gastric cancer-specific diagnostic biomarker.
| DISCUSSION
Recent advances in proteomics have provided novel diagnostic techniques, such as liquid biopsy, for the detection of cancer, but many protein-based tests have not reached the sensitivity and specificity needed for clinical applications. 15 Blood-based proteins including exosomal proteins provide direct information during tumor development and progression in "real time". 16 In particular, exosomal proteins are highly stable and have a higher sensitivity than proteins directly detected in blood. 16 GKN1 is specifically expressed in normal gastric mucosal epithelial cells and plays an important role in maintaining the integrity and homeostasis of gastric mucosa. 6 We and others have reported that GKN1 expression was reduced in gastric mucosa infected with Helicobacter pylori and was significantly downregulated in gastric cancer tissues. 17, 18 In a previous work, we found that GKN1 is secreted as one of the exosomal cargo proteins and serum GKN1 protein is an informative diagnostic biomarker for gastric cancer. 7 Because serum is an invaluable disease biomarker reservoir and serum proteins act as biomarkers of various disease status including cancers, we examined the potential of serum GKN1 protein concentration as a gastric cancerspecific diagnostic biomarker. Given its high sensitivity and specificity, serum GKN1 protein can be used as a serological marker for the diagnosis of gastric cancer. Interestingly, the serum concentrations of GKN1 protein were significantly more reduced in patients with gastric cancer than in normal healthy individuals and clearly distinguished the patients, with an AUC value of 0.98, which represents a perfect value for clinical application. At a serum GKN1 cutoff value of 4.94 ng/μL the sensitivity, specificity, Youden index, diagnostic accuracy and DOR for gastric cancer diagnosis were 91.2%, 96%, 0.8740, 0.9257, and 248.73, respectively. Thus, these results suggest that serum GKN1 protein serves as an excellent diagnostic biomarker to distinguish patients with gastric cancer from normal healthy individuals. EGC is defined as gastric carcinoma confined to the mucosa and/or submucosa (T1), irrespective of lymph node involvement, according to the Japanese Classification of Gastric Carcinoma. 19 When the tumor invades the muscularis propria (T2), it is classified as AGC. In the present study, the serum GKN1 protein concentrations in patients with AGC were significantly lower than in patients with EGC. In addition, the ROC curve can be used to distinguish patients with EGC from those with AGC based on an AUC value of 0.870, which represents a good diagnostic value. Interestingly, Myc plays a central role in cell growth and proliferation, metabolism, differentiation, apoptosis, and angiogenesis. 20 Myc heteromerized with Max to acquire DNA-binding activity and Myc/Max dimers bind to the promoters of specific target genes. 21 Previously, we found that Myc and Max proteins in exosomes derived from gastric cancer cells downregulated the expression and promoter binding activity of NKX6.3, which is a transcription factor for GKN1. 7 The amplification and overexpression of Myc are frequently detected in gastric cancers. [22] [23] [24] [25] [26] Importantly, the expression of Myc was higher in advanced GC than in early stage GC 27,28 and in metastasis. 29 Therefore, it is likely that the overexpression of Myc-derived from gastric cancer cells may downregulate the expression and secretion of exosomal GKN1 protein in nonneoplastic gastric mucosal epithelial cells. Further studies are strongly recommended to identify the molecular mechanism underlying low serum GKN1 protein concentrations in gastric cancer patients. Gastroscopic examination is the most reliable method for the diagnosis of gastric cancer. However, upper endoscopy is an uncomfortable procedure, and incurs risks of intubation and sedation, infection, false-negative, false-positive results, and overdiagnosis. 30 In addition, upper endoscopy is expensive and needs technological expertise. Notably, the lack of symptoms or signs in the early stages of gastric cancer prevents prompt detection and treatment. Because detection of serum tumor markers is inexpensive and convenient, novel blood-borne biomarkers that can detect gastric cancer early can be used in sensitive and specific screening programs. Extensive studies have demonstrated several serological biomarkers for gastric cancer, including CEA, CA 19-9, and CA 72-4. However, these serum biomarkers are not satisfactory for gastric cancer diagnosis, due to their low sensitivity and specificity. [31] [32] [33] To overcome these limitations, we suggest serum GKN1 protein as a novel gastric cancer-specific diagnostic biomarker that distinguishes patients with gastric cancer from healthy controls. Analysis of preoperative and periodic postoperative serum GKN1 protein concentrations can be used to predict the response to treatment and monitor the recurrence of gastric cancer. Here, serum GKN1 concentrations were examined in patients with HCC, CRC, NSCLC, BRC, PAC, OVC, and PRC to further confirm the potential diagnostic utility of serum GKN1 concentrations in differentiating healthy individuals from patients with non-gastric cancers. No significant difference was found in the serum GKN1 concentrations between healthy controls and patients with non-gastric cancers. The ROC curve showed unsatisfactory diagnostic efficacy. However, serum GKN1 concentration discriminated patients with gastric cancer from those with non-gastric cancers. Thus, we conclude that serum GKN1 protein could be a gastric cancer-specific diagnostic biomarker.
The present study had specific limitations. First, the sample size was relatively small and the analysis was performed in the Korean population. The application of serum GKN1 concentration as a diagnostic marker for gastric cancer worldwide requires a multinational study. In addition, further studies are strongly needed to evaluate whether the cutoff can be used for the detection of gastric cancer. Second, this was a retrospective study. Clinical application requires prospective studies to evaluate the diagnostic potential of serum GKN concentration in gastric cancer.
In conclusion, serum concentrations of GKN1 clearly distinguished patients with gastric cancer from healthy controls and those with non-gastric cancers. To investigate the role of serum GKN1 as a useful surveillance biomarker for the assessment of the therapeutic response in gastric cancer patients, a long-term follow-up of gastric cancer patients undergoing surgery is needed. Although clinical trials for the screening of serum GKN1 protein concentration prior to clinical application are strongly required, the key strength of this study is that serum GKN1 protein can be used as a potential serological marker for early detection of gastric cancer. 
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